Abstract--The coarse (2-0.2 #m) and fine (<0.2 #m) size fractions of several soil and reference kaolinite samples were completely intercalated and expanded to 11.2 ~ using a simplified CsCl-hydrazine-dimethylsulfoxide (DMSO) treatment. Rapid equilibration of the clay in hot (80~ hydrazine monohydrate and hot (100~ DMSO, and the use of ceramic tile mounts, limited the sample pretreatment time to only 15 min. The fine size fraction of kaolinite may be X-rayed immediately after pretreatment, though analysis of the sample 2 or 12 hr after pretreatment produced more intense, sharp basal reflections. This difference may be due to a better ordering of the DMSO-kaolinite complex with time and to a drying of the excess DMSO. The coarse size fraction of kaolinite did not entirely expand to 11.2 ,~ when analyzed immediately after pretreatment. A 9.6-A peak was also present and possibly represents a mixed layering of expanded and nonexpanded kaolinite layers. The larger crystals seem to require additional time for the reaction to become complete as evidenced by the presence of an intense, sharp 11.2-A peak and absence of the 9.6-A peak when the coarse clay was analyzed 2 or 12 hr after sample pretreatment. Kaolinite particles <50 lzm did not react completely even when they were analyzed 24 hr after pretreatmerit. Therefore, this technique should be limited to <2-#m particles.
INTRODUCTION
It is often desirable to differentiate kaolinite from chlorite or serpentine-group minerals when they are present in the same sample. Four ways to differentiate these phases by X-ray powder diffraction (XRD) have been used: (1) Various (hkl) reflections are used for random powder mounts; however, this method requires that the phases of interest have (hkl) reflections intense enough for identification; (2) The slight differences in positions of the basal reflections near 3.6 of the three mineral phases are used for preferentially oriented mounts; however, these peaks are commonly broad, and resolution may be impossible; (3) The sample is treated with hot HC1 to dissolve the more labile chlorite, thereby concentrating the more resistant kaolinite. This treatment, however is not entirely selective for chlorite and may be destructive to other phases; (4) The kaolinite is intercalated and expanded, thus separating its basal reflection from those of serpentinegroup minerals and chlorite which do not expand; however, expansion is commonly incomplete and the intercalation techniques are time-consuming.
Many intercalation techniques have been used to characterize kaolinite by XRD (Range et al., 1969) and, by expansion of the kaolinite structure, to distinguish the first order basal reflection of this mineral from the second order basal reflection of chlorite and the first (or second) order basal reflection of serpentinegroup minerals (Wada and Yamada, 1968; Abdel-Kader et al., 1978; Jackson and Abdel-Kader, 1978; Lim et al., 1981) . Most methods have not been successful in expanding all types of kaolinite or have failed to Copyright 9 1984, The Clay Minerals Society expand all of the kaolinite in a given sample, particularly in the fine clay fraction (<0.2 #m). Recently, Jackson and Abdel-Kader (1978) completely intercalated several kaolin-group minerals (kaolinite, halloysite, and dickite), including the fine particle sizes, by first dry-grinding the sample with CsC1 and then successively intercalating the sample with warm (65~ hydrazine monohydrate (85%) and warm (90~ dimethylsulfoxide (DMSO). The final kaolinite-DMSO complex gave a distinctive 11.2-/k spacing which is different from all other phyllosilicates. Unfortunately, the Jackson and Abdel-Kader (1978) method often produces decreased XRD intensities of basal reflections, possibly due to the breakage of crystals during grinding and to the poor preferential orientation of crystals after mounting. Lim et al. (1981) reported that the basal reflection intensities can be maximized by minimizing the grinding time, by washing the clay slurry in concentrated KOAc solutions immediately after the hydrazine treatment, and by washing the clay-DMSO complex with 99% methanol prior to mounting the specimen onto a glass slide.
The CsCl-hydrazine-DMSO procedure was tested in our laboratory with several kaolinite samples and gave results identical to those of Jackson and Abdel-Kader (1978) . Their method, however, and the method of Lim et al. (1981) require two days before XRD data can be obtained. This may limit the usefulness of these techniques when time is an important factor in analysis. The objective of the present paper is to present a simplified CsCl-hydrazine-DMSO intercalation procedure that will rapidly expand all types of kaolinite Calvert, 1981 Calvert, 1981 Calvert, 1981 and differentiate them from the nonexpanding chlorite and serpentine-group minerals.
MATERIALS AND METHODS
Four reference kaolinite samples and three kaolinite samples from soils were studied (Table 1) . After dispersion of these samples in pH 10 NaECO3 with an ultrasonic probe, each kaolinite sample was fractionated at the 2-#m and the 0.2-#m limiting diameters using a centrifuge. The suspensions were flocculated with 1 N MgC12 and washed in distilled water and ethanol until free of chlorides, as ascertained by the AgNO3 test. They were then dried overnight at 110~
The dried kaolinite samples were treated by two intercalation methods. The first treatment, the hydrazine-DMSO treatment of Jackson and Abdel-Kader (1978) , assessed the ability of the clays to form an intercalation complex. This procedure is identical to the CsCl-hydrazine-DMSO treatment of Jackson and Abdel-Kader (1978) , except that the samples were not previously ground in CsC1. The second treatment was a modified CsCl-hydrazine-DMSO method that used the same principles as the original method described by Jackson and Abdel-Kader (1978) , except that it required much less time. Approximately 50 mg of dry clay was ground with 250 mg of CsC1 for 3 min in a Wig-L-Bug mixer (if this mixer is unavailable, the grinding method outlined by Lim et al. (1981) may be used). The mixture was transferred to a 50-ml centrifuge tube along with 5 ml of preheated, 85% hydrazine monohydrate (80~ in a water bath). This slurry was gently mixed, and the suspension was maintained in a water bath at 80~ for 5 min. The suspension was then poured through a ceramic tile under suction (Figure 1 ) until all of the hydrazine passed through the sample. Immediately, two, 5-ml increments of preheated DMSO (100*C in a boiling water bath) were successively passed through the sample. The tile was then removed from the suction device, smoothed by smearing with a spatula if necessary (adding a drop of hot DMSO if too dry, smoothing, then applying suction to remove excess DMSO), and immediately X-rayed. Several samples were also X-rayed 2 hr and 12 hr after mounting on the ceramic tile, resmoothing and again applying suction to the sample immediately before analysis.
Each preferentially oriented clay sample was scanned from 5 ~ to 15~ on a Siemens D500 diffractometer with CuKa radiation. Diffractograms of randomly oriented kaolinite samples were obtained by backfilling the powdered samples and scanning from 2 ~ to 35~
RESULTS AND DISCUSSION

Fine (<0.2 #m) kaolinite samples
It is important to assess the intercalation ability of the kaolinite samples used in this study. The ability of kaolinite to intercalate is generally related to particle size and crystallinity . The soil kaolinites seem to have thinner particles (broader line width for the basal reflections at 7.15 and 3.57 A) and generally poorer crystallinity (poorer resolution of the closely spaced 02/and 1 ll reflections near 4.40/~) than do the reference kaolinite samples (Figure 2 ). All kaolinite samples were only partially expanded by the hydrazine-DMSO treatment ( Figure  3 ). In fact, the soil kaolinite samples almost completely resisted expansion. These reactions are not unlike those observed by Jackson and Abdel-Kader (1978) . Although kaolinite resisted intercalation by the hydrazine-DMSO method, the results in Figure 4 indicate that the modified CsCl-hydrazine-DMSO procedure is as successful as the original CsCl-hydrazine-DMSO procedure proposed by Jackson and Abdel-Kader (1978) . The modified method, however, takes approximately 15 min rather than the 2 days required for the original method. A small, residual 7-/~ peak was observed in some samples after intercalation. The magnitude of this peak was negligible and may have represented chlorite in some samples. These results indicate that the modified CsCl-hydrazine-DMSO treatment completely expands kaolinite and separates its basal reflection from any chlorite or serpentine basal reflection that might superimpose. No evidence of intercalation or expansion was noted for any of the serpentine or chlorite minerals examined in this laboratory which agrees with the results of Jackson and Abdel-Kader (1978) .
Unfortunately, the basal reflections of the treated clays were weak and broad, particularly after the modified CsCl-hydrazine-DMSO treatment. Lim et aL (1981) attribute such results to crystal breakage and poor preferential orientation. We noted, however, that equilibration of the sample 2 or 12 hr after mounting on the ceramic tile produced sharp and intense peaks, thereby making the technique more sensitive ( Figure  5 ). This intensification may have been due to a greater ordering of the DMSO in the kaolinite interlayer with time and to a drying of the excess DMSO. 
Clays and Clay Minerals
Coarse (2-0.2 #m) kaolinite samples
The coarse kaolinite fraction should have expanded readily with the modified CsCl-hydrazine-DMSO treatment because coarse kaolinite particles generally intercalate more readily than do fine kaolinite particles . The coarse fraction did not immediately intercalate and expand to 11.2/~ after the treatment (Figure 6 ), probably due to the inability of the DMSO to react rapidly with large crystals (small surface area). In all of the samples investigated, a second peak near 9.6/k was observed immediately after intercalation. This peak may indicate an incomplete intercalation, with some layers in the crystal being completely intercalated and others not (mixed layering). The 9.6-/~ peak merged with the 11.2-~ peak with time, however, and the latter peak intensified. Within approximately 2 hr the excess DMSO reserved in the porous tile reacted with the kaolinite creating a completely expanded phase.
< 50-~m kaolinite samples
Preliminary testing of the < 50-1zm fraction of several kaolinite samples indicated that only a portion of the kaolinite was completely intercalated and expanded after a 24-hr equilibration using the modified CsC1-hydrazine-DMSO procedure. These coarse kaolinite particles resisted intercalation probably because of the inability of the intercalating compounds to react with portions of the large kaolinite particles. Additional grinding or long equilibration times might have pro- Figure 5. X-ray diffractograms of a fine (<0.2 #m) kaolinite sample analyzed immediately after the modified CsCl-hydrazine-DMSO intercalation and after equilibrating for 2 hr and for 12 hr. Note the intensification of the 11.2-~ peak with time (CuKa radiation). Figure 6 . X-ray diffractograms of coarse (2 to 0.2 #m) kaolinite samples analyzed immediately after the modified CsCIhydrazine-DMSO intercalation and after equilibrating for 2 hr and for 12 hr. Note the incomplete expansion of the kaolinite immediately after the treatment. With time, however, the intercalation and expansion become complete and well ordered, and the 11.2-,~ peak intensifies (CuKa radiation). rooted a complete reaction, but these options were generally not desired. The upper size-limit of rapid intercalation still needs to be examined; therefore, the modified CsCl-hydrazine-DMSO technique should be confined to <2-#m particles.
CONCLUSIONS
A complete intercalation and expansion of kaolinite to 11.2 /~ resolved the basal reflections of kaolinite from those of chlorite and serpentine-group minerals in samples containing these phases. To ascertain the presence or absence of kaolinite in samples (<2 ~m) containing chlorite and/or serpentine-group minerals, samples should be treated by the modified CsCl-hydrazine-DMSO method (mounted on a ceramic tile substrate) and allowed to equilibrate for a minimum of 2 hr or preferably overnight, before XRD analysis. The presence of an 11.2-,~ peak positively identifies kaolinite. The residual 7-,~ peak represents chlorite and/or serpentine. Inasmuch as < 2-#m particles only have been successfully intercalated, this technique should be limited to particles of this size.
